Abstract
1.
2 Irish Cattle Breeding Federation, Bandon, Co. Cork, Ireland 9 with at least nine haplotype tests with F < 5 * 10 ?@ were considered. From each of 160 these regions only the most significant haplotype test from each of the three test 161 categories was selected. We analysed the effect of each of these haplotypes on cow 162 reproduction and progeny survival to corroborate lethality and on production traits to 163 evaluate pleiotropy. 164
Reproduction and survival analysis to corroborate the identified 165 haplotypes 166 We used routine cow reproduction and progeny survival records from the ICBF 167 database. We tracked 44,351 insemination records that pertain to purebred Aberdeen 168
Angus, Charolais, Hereford, Limousin, or Simmental cattle, where both the potential 169 sire and the potential dam were genotyped. There were 7,540 records for Aberdeen 170
Angus, 11,520 for Charolais, 5,566 for Hereford, 15,404 for Limousin, and 4,321 for 171
Simmental. Altogether these inseminations resulted in 21,196 progeny. Each resulting 172 calf had records for the date of birth and if deceased the date of death and the cause of 173 death (natural death or slaughtered). 174
To quantify the effect of identified haplotypes on reproduction, we determined 175 insemination success rate and days between the first insemination and calving. 176
Insemination success rate was calculated as a ratio between the number of born progeny 177 and the number of inseminations. These statistics were reported for the three mating 178 types: (i) Hh ´ Hh, (ii) Hh ´ HH, and (iii) HH ´ HH. The period between the first 179 insemination and calving was calculated from 40,769 records that had known the date 180 of corresponding calving. In order to accommodate shorter or longer than average 181 gestation length a window of time was allowed on either side of the breed average 182 gestation length. We used windows of 7, 14, and 21 days either side of the average 183 breed gestation, calculated as the average gestation length for the set of individuals 184 recorded for that breed. If a calving occurred outside of the window, the insemination 185 was deemed to be unsuccessful. If a haplotype harbours recessive lethals, it is expected 186
that Hh ´ Hh matings should have a 25% lower insemination success as there will be 187 ¼ hh progeny and more than 21 days longer first insemination to calving interval as this 188 is the average time between each standing oestrus in cattle. 189
To quantify the effect of identified haplotypes on postnatal survival, we used 190 survival analysis with the Cox proportional-hazard model. We compared hazard ratios 191 between the progeny from: (i) Hh ´ Hh, (ii) Hh ´ HH, and (iii) HH ´ HH matings. If a 192 haplotype affects postnatal survival, we would expect hh progeny from Hh ´ Hh 193 matings to have higher hazard ratio. Since two causes of death were reported (natural 194 death and slaughtered) we analysed data in two ways. In the first one we treated records 195 from slaughtered animals as censored whereas in the second one we treated their 196 records as uncensored. 197 Pleiotropy analysis 198 We analysed national estimates of breeding values to investigate pleiotropic 199 effect of the identified haplotypes on economically important traits in beef production. 200
Estimated breeding values for 15 traits (feed intake, live weight, cull cow weight, 201 carcass weight, carcass confirmation, carcass fat, docility, gestation length, age at first 202 calving, calving interval, calving difficulty due to the sire, maternal calving difficulty, 203 mortality at calving, maternal weaning weight, and cow survival) for all genotyped 204 individuals in this study were Informatics database [24] . 229
Results

230
Our results identify three haplotypes carrying putatively recessive lethal alleles. 231
They were located on chromosome 14 in Aberdeen Angus, chromosome 19 in 232
Charolais, and chromosome 16 in Simmental. The haplotypes show pleiotropic effects 233 on economically important traits in beef production. We identified ZFAT as the 234 potential causative gene for lethality in Aberdeen Angus. 235
Identification of haplotypes carrying putative recessive lethals
236
Haplotype tests 237
In total there were between 36 and 109 haplotypes with significant absence or 238 reduced levels of homozygosity at F < 5 * 10 ?@ in the five breeds. Table 2 shows the 239 number of significant haplotypes by test and breed. The highest number of significant 240 haplotypes was observed for Limousin (109) followed by Charolais (86), Aberdeen 241 Angus (69), Hereford (57), and Simmental (36). Of the different tests, the incomplete 242 penetrance test on sire ´ dam matings had the highest number of significant haplotypes. 243
The carrier mating test on sire ´ dam matings had the second largest number of 244 significant haplotypes for Charolais, Hereford, and Simmental. 245
Identification of haplotypes carrying putative recessive lethals 246
Across all five breeds, there were 19 regions of one megabase in length with at 247 least nine haplotypes with significant absence or reduced level of homozygosity. These 248 were considered as candidate regions with haplotypes carrying putatively recessive 249 lethal alleles. Figure 1 shows the negative logarithm of all test p-values across the whole 250 genome, while The three haplotypes carrying putatively recessive lethal alleles associated with 301 decreased insemination success or reduced postnatal survival all had high frequencies. 302 Table 5 summarizes statistics for the haplotypes AA14A3, CH19A2, and SI16A5. The 303 haplotypes frequencies were 15.2% for AA14A3, 14.4% for CH19A2, and 8.8% for 304 SI16A5. There were 95 recessive homozygous individuals observed for AA14A3, 83 305 for CH19A2, and none for SI16A5. The table also shows that the number of observed 306 recessive homozygotes was always smaller than the expected number for different types 307 of comparisons. The SNP alleles present on the AA14A3, CH19A2, and SI16A5 308 haplotypes are shown on Table S3 . 309
Pleiotropy analysis
310
To investigate potential pleiotropic effects on traits under selection, we 311 estimated substitution effects of AA14H3, CH19H2, and SI16H5 haplotypes. Table  339 S4 shows protein coding genes located between 51,811,400 and 53,434,159 base pairs 340 on chromosome 16 of the SI16H5 haplotype. There were 64 protein coding genes 341 (Table S4) tests for the complete absence of recessive homozygotes, we also used a set of tests that 362 allowed for some recessive homozygotes but testing whether their number was 363 significantly smaller than expected. This allowed us to take into account possible 364 incomplete penetrance, incomplete linkage between haplotype and putative recessive 365 lethals, structural variation, or genotyping, phasing, and imputation errors. In the 366 following we take all of these to be causes as incomplete penetrance. 367
The top 22 candidates from the haplotype analysis were further corroborated 368 with cow insemination and progeny survival analysis, and three haplotypes showed 369 phenotypic evidence of lethality. Recessive lethals are expected to decrease 370 insemination success for 25% in carrier (Hh ´ Hh) matings, because homozygous 371 embryos do not survive. Further, they are expected to extend the period from the first 372 insemination to calving by 21 days, because this is the average period between two 373 standing oestrus in cattle. In the case of incomplete penetrance some embryos are 374 expected to survive, but might have decreased viability that will in turn affect their 375 survival. 376
Although there were many haplotypes with significant absence or reduced level 377 of homozygosity, indicating that they carry putatively recessive lethal alleles, only two 378 haplotypes were supported by the reproduction analysis. In particular, there was a 379 strong signal observed at the end of chromosome 19 for all of the five cattle breeds, 380 which was supported with phenotypic data only in Charolais breed. Also, there was a 381 highly significant departure from Hardy-Weinberg equilibrium for markers located at 382 the end of chromosome 19 with excessive heterozygosity (results not shown). This may 383 indicate genotyping errors or structural variation in this region [25] , which may explain 384 its strong signal that we observed. 385
Frequency of haplotypes carrying putatively recessive lethal alleles
386
For our methods to detect a haplotype carrying putatively recessive lethal 387 alleles, we needed a relatively high haplotype frequency or many Hh ´ Hh matings. 388
Because most haplotypes are rare, this means that the methods we used had sufficient 389 power for a very small proportion of the haplotypes. Following the probability 390 calculations of the different tests and fixing the number of genotyped animals to the 391 number in this study we can assess the minimum required haplotype frequency to reach 392 significance of F < 5 * 10 ?@ . The minimum required haplotype frequency to reach 393 significance with the population test in this study was 5.42% for Aberdeen Angus, 394 
Economic impact
442
Analysis of the economic impact of the three haplotypes on the whole Irish beef 443 population supports the role of pleiotropy in maintaining high haplotype frequencies, 444 which should be managed with appropriately optimised breeding programs. We 445 estimated yearly national economic loss due to early death of homozygous embryos and 446 yearly national economic gain due to improved terminal performance of heterozygous 447
calves. For this purpose we built a simple economic model (see Table S5 ) based on the 448 number of purebred sire ´ purebred dam, purebred sire ´ crossbred dam, and crossbred 449 sire ´ crossbred dam of Aberdeen Angus, Charolais, and Simmental animals, the 450 expected number of progeny genotypes, haplotype frequencies, insemination success 451 rate, number of days between the subsequent inseminations, daily costs for maintaining 452 a cow, and substitution effects. We obtained these inputs from this study, the ICBF 453 database, and E-profit monitor -an online financial analysis tool [32] . The annual loss 454 was estimated to be about €570,000 for AA14H3, €930,000 for CH19H2, and €210,000 455 for SI16H5 haplotype. The annual gain was estimated to be about €110,000 for 456 AA14H3, €70,000 for CH19H2 and €50,000 for SI16H5 haplotype. Under the current 457 population structure in Ireland the estimated national annual net effect is negative and 458 is: -€460,000 for AA14H3 -€860,000 for CH19H2, and -€160,000 for SI16H5 459 haplotype. The large negative net effect for the CH19H2 haplotype is due to the larger 460 purebred population in Charolais than in Aberdeen Angus and Simmental. The 461 economic model shows that under the current population structure the maximum annual 462 net effect would be achieved with haplotype frequencies of 0.02% for AA14H3 463 (+€6,000), 0.4% for CH19H2 (+€2,000), and 0.02% for SI16H5 (+€4,000) ( Figure S1 Progeny from carrier matings in Charolais had higher probability of dying or culling. 499
The haplotype in Aberdeen Angus was in a region that contains the ZFAT gene that was 500 previously shown to be lethal in mice. The haplotype in Simmental was in a region that 501 contains to several candidate genes potentially causing prenatal or perinatal lethality. -32 - 
